Abstract-Ultra-reliable communication systems are drawing a lot of attention due to the rising demand on new wireless technologies for safety critical applications. Many of these applications require ultra-reliable distance estimation between the communicating nodes. Automatic coupling between train wagons is one of the scenarios where ultra-reliable communication and ranging at short distances is required. The main objective of this paper is to define a theoretical channel model for the aforementioned scenario, to define a proper discrete equivalence of the communication system model, and to derive Cramér Rao Lower Bounds for ranging accuracy. Ranging accuracy simulation results are provided using three systems: ITS-G5, IR-UWB, and a proposed 5G wide band system operating in the mm-Wave frequency band. We show from the results that the proposed mm-Wave system is suitable for ultra-reliable ranging at short distances.
I. INTRODUCTION
With the advance of telecommunications towards 5G wireless technologies, the span of applications increases from the classical voice and data communications using smart phones to machine-type and mission critical communications. Ultrareliable communication systems are of special interest due to the rising amount of mission critical applications requiring high reliability levels [1] . These applications include vehicleto-vehicle (V2V) communications for cars, trains, and other moving vehicles and machine-to-machine (M2M) communications in various environments such as factories, smart homes, and offices.
The aforementioned applications as well as other applications require ultra-reliable communications and distance estimation between two communicating nodes [2] . For example, automatic coupling in the railway domain requires ultra-reliable distance estimation between connecting (or disengaging) train wagons. The same requirements apply for car platooning, robots communicating in factories, and many others.
Distance estimation between two communicating nodes requires accurate delay estimation of the line-of-sight (LOS) signal being transmitted from one node to the other. The delay estimation accuracy depends on the strength of the LOS component, effect of the channel on the signal, system bandwidth, and other factors such as hardware impairments and Doppler caused by motion [3] .
Impulse radio-ultra wide band (IR-UWB) systems were thought of as good candidates for ranging applications in short-range scenarios and delay estimation accuracy of such systems were studied extensively in literature in the last two decades [4] - [7] . Due to the regulations of emission limits to prevent interference with primary applications, a new spectrum candidate was demanded for 5G applications. Millimeter-Wave (mm-Wave) frequency bands were chosen as attractive candidates for new wide band standards including the IEEE 802.15 Task Group 3c (IEEE 802.15.3c) [9] and IEEE 802.11ad Task Group [10] standards. mm-Wave wide band systems were also studied for ranging applications [2] , [11] .
In this paper we focus on ranging estimation in the application of automatic coupling between train wagons at short distances. To accurately analyze the ranging accuracy, we define a realistic two-path channel model and derive Cramér Rao Lower Bounds (CRLB) using the proposed channel. We use the bounds to compare the ranging performance of three candidate communication systems. The three systems we choose to compare between in this paper are the Intelligent Transport Systems operating in the 5 GHz frequency band (ITS-G5), IR-UWB based system, and a proposed 5G mmWave system.
II. CHANNEL MODEL
As visualized in Figure 1 , one transceiver node is connected to the nose of each train wagon. The heights of the transceivers 978-1-5386-2217-9/17/$31.00 ©2017 IEEE to the ground are known. The transceivers are assumed to be connected with directional antennas having known directivity and gain characteristics to decrease multipath and in general influence from the environment. In this specific scenario, it is assumed that the strongest received components are the LOS signal and a reflected signal from the ground. A good statistical approximation is the two-path channel model [8] .
The two-path channel model assumes a superimposed signal consisting of a LOS component and a slightly delayed ground reflected component. The reflected component has a lower amplitude due to reflection loss and lower directive antenna gain but introduces varying constructive and destructive interference effects due to the phase difference with the LOS component. Depending on the geometry, the two received signals might overlap, resulting in a stretched distorted pulse at the receiver side that might cause variation to the distance estimation.
The statistical channel response h c (t) is expressed as follows:
where τ 0 = d0 /c and τ 1 = d1 /c are the propagation delays of the LOS and reflected signals. The gains of the LOS path and the reflected path are
G ant,LOS and G ant,ref are the antenna gains of the LOS and reflected paths. The coefficient Γ (θ) is the loss due to ground reflection. Figure 2 (a) describes the system design. It should be noted that the channel is convoluted with the signal in the continuous domain while the information being processed in the receiver is discrete. The discrete information is used for synchronization, equalization, and further data processing. To represent the discrete received signal, a sampled equivalence of the channel response written in (1) can be directly used:
III. SYSTEM MODEL
where T s is the sampling time, s [n] is the discrete equivalent to the transmitted pulse and w [n] is additive white Gaussian noise (AWGN) with zero mean and variance E w 2 = σ 2 . This representation is only valid if the values τ0 /Ts and τ1 /Ts are integers because the sequence s [n] is only defined by integer values n. This is not a realistic representation and it is specifically not valid with the proposed channel model because the proposed channel is geometry based and the delay should take any non-integer value based on the distance between the transceivers.
An equivalent discrete channel model to h c (t) should be accurately derived to take non-integer delays into account. Figure 2(b) describes the block diagram representation of the equivalent system. h [n] can be represented as [12] :
and the discrete received signal y [n] is properly represented as
where ( * ) represents the convolution operation. Using this representation we can focus on the equivalent effect of the continuous time system while only dealing with discrete transmitted and received data.
IV. CRAMÉR RAO LOWER BOUNDS (CRLB) FOR DISTANCE ESTIMATION
The CRLB is a fundamental concept in estimation theory and is widely used to estimate the minimal achievable error variance for an unbiased estimator. It must be noted that this performance is typically not achievable by practical estimators.
Using the received signal represented in (5), we are interested in estimating the parametersᾱ ᾱ α = [τ 0 , τ 1 ]
T . To do so, we consider that we are observing m measurement samples and we construct a joint probability density function (pdf) over all samples with respect to the parameters we are interested to estimate
where
The log-likelihood can be easily constructed by calculating the natural logarithm of (6) . The CRLB of the parameters in ᾱ ᾱ α are the diagonal elements of the inverse of the 2x2 Fisher Information Matrix (FIM) F F F (ᾱ ᾱ α) given by
for k, l ∈ {1, 2}. Before we derive the FIM, we have to simplify the equation of s i (ᾱ ᾱ α) to be able to get a numerical solution for the derivatives. We assume that the phase shift is constant and is not involved in estimating the delay. This assumption causes some loss of information but is acceptable if the difference between the delays τ 0 and τ 1 is small. Phase difference information will still be included in the derivation by defining A 0 = a 0 e −φ(τ0) and A 1 = a 1 e −φ(τ1) as the complex amplitudes of the LOS and reflected signals. Therefore, the signal equation can be written as
(9) The elements of the FIM can now be derived using (8) and (9):
By defining
we can easily obtain
where ∆τ = τ 1 − τ 0 . In this paper, we are interested to study the estimation accuracy of τ 0 only. Therefore, we want to calculate the value of the first diagonal element of the inverse of the FIM. The value is calculated and given in (13) in the bottom of this page.
As can be expected, if we consider each multipath component to be spaced long enough to avoid different pulses to overlap and if we assume the delays to be integers we will end up with the same lower bounds as derived in [4] and [5] . It should also be noted that if we only consider the LOS component and neglect the reflected signal, all the FIM components except [F F F (ᾱ ᾱ α)] 1,1 will be equal to zero. The delay estimation accuracy in this case will be equal to [F F F (ᾱ ᾱ α)] 
V. SIMULATION RESULTS
In this section, the CRLB of the ranging estimate between two nodes will be evaluated using the channel model suggested in Section II. The CRLB is calculated for a wide band 5G proposed signal operating in the mm-Wave frequency band, an ITS-G5 OFDM signal, and an IR-UWB signal operating in the 6 GHz frequency. The simulation parameters of each signal are summarized in Table 1 . To provide a fair comparison, a realistic path loss model was implemented where oxygen absorption is accounted for mm-Wave propagation. Also, the amount of observed samples depends on the duration of observation (0.1 ms in our case). Therefore, the amount of observed samples for mm-Wave and IR-UWB is fifty times higher compared to ITS-G5 due to the bandwidth difference.
As we are interested in analyzing the three chosen systems for ultra-reliable applications, it was decided to calculate the estimation accuracy lower bounds multiplied by a factor of six (6σ figure-of-merit) which translates to reliability of 99.9997% and base our evaluation on the simulated results. Figure 3 shows the distance estimation accuracy for transceivers having separation distances of up to 50 meters. The antenna heights to the ground surface (h) is equal to 0.5 meter. We considered oversampling by a factor of ten. The geometry, delay, and path-loss are calculated for each separation distance, then the lower bounds are calculated using (16). The proposed mm-Wave signal outperforms both ITS-G5 and IR-UWB due to the wider bandwidth compared to ITS-G5 and the higher transmit power compared to IR-UWB. It is also shown that the distance accuracy lower bounds are in the decimeter to meter range for distances around 50 m and it reaches millimeter to centimeter accuracy for distances of a few meters. These are acceptable accuracy figures for ultra-reliable applications provided by both mmWave and ITS-G5 signals. But due to the wide bandwidth of the mm-Wave signal, it is easier to reach a close accuracy to the lower bounds in practical systems using the mm-Wave signal compared to ITS-G5 which will require more accurate interpolation and sophisticated receivers to reach the desired accuracy. The irregularities visible from both mm-Wave and IR-UWB curves in the separation distances between 3 and 4 meter occur because the LOS and reflected pulses start to overlap at these distances. For ITS-G5, the LOS and reflected pulses are always overlapping because the pulse width is fifty times longer. Figure 4 shows the effect of rain on distance estimation accuracy using the proposed system operating in the mm-Wave frequency band. A model proposed in [13] was used. The rate of rain simulated varies from 0 (no rain) to the extreme 250 mm/hr. Loss due to rain with rate of 250 mm/hr causes an extra loss of nearly 70 dB/km. This can cause severe performance degradation in large distances. But as noted from the results, rain has minimal effect in short distances.
Further, in Figure 5 , the effect of antenna heights on distance estimation accuracy is simulated. It is shown that the performance is worse at small heights. When heights increase to 1 meter and higher the performance is enhanced. The reason is that the effect of the reflected multipath signal on the LOS signal is decreased. At antenna heights 1 meter and more, the performance is almost the same as the signals from the LOS and reflected paths are almost not overlapping anymore and could be treated separately.
VI. CONCLUSION
In this paper, we proposed a LOS geometry-based channel model for the scenario of automatic coupling in the railway domain. We derived a suitable discrete equivalent system representation that takes into account non-integer delay and used the representation to derive CRLB for delay estimation accuracy. The lower bounds were used to compare between system candidates for ultra-reliable communications and ranging in the railway domain. The three systems are ITS-G5, IR-UWB, and a proposed wide band 5G mm-Wave system. Results show that the proposed mm-Wave system outperforms the other systems in ranging accuracy at short distances up to 50 meter. The results also show that mm-Wave provides good ranging accuracy at severe rainy weather. Antenna heights of 1 meter and higher to the ground surface provide the best ranging accuracy for the proposed 5G mm-Wave system. 
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